Purpose: Numerous studies have adopted resting-state functional MRI methods to infer functional connectivity between cortical regions, but very few have translated them to the spinal cord, despite its critical role in the central nervous system. Resting-state functional connectivity between gray matter horns of the spinal cord has previously been shown to be detectable in humans and nonhuman primates, but it has not been reported previously in rodents. Methods: Resting-state functional MRI of the cervical spinal cord of live anesthetized rats was performed at 9.4 T. The quality of the functional images acquired was assessed, and quantitative analyses of functional connectivity in C4-C7 of the spinal cord were derived. Results: Robust gray matter horn-to-horn connectivity patterns were found that were statistically significant when compared with adjacent control regions. Specifically, dorsal-dorsal and ventralventral connectivity measurements were most prominent, while ipsilateral dorsal-ventral connectivity was also observed but to a lesser extent. Quantitative evaluation of reproducibility also revealed moderate robustness in the bilateral sensory and motor networks that was weaker in the dorsal-ventral connections. Conclusions: This study reports the first evidence of restingstate functional circuits within gray matter in the rat spinal cord, and verifies their detectability using resting-state functional MRI at 9.4 T. Magn Reson
INTRODUCTION
The use of functional MRI (fMRI) for detecting neural activation has influenced our views of how the brain is organized since the early 1990s. Functional MRI detects bloodoxgen-level dependent (BOLD) signal changes that have been demonstrated to reflect underlying neural activity (1, 2) . Early reports examined only tasked-based studies, in which changes in BOLD signals are interpreted as hemodynamic responses to stimulation (3) (4) (5) (6) . Later on, the advent of resting-state fMRI (rsfMRI), which identifies patterns of highly correlated low frequency fMRI signals without any task or stimulus, has been used to infer functional connectivity between cortical regions (7) . Since then, rsfMRI has proven to be a powerful approach to delineate and describe functional circuits, and allows us to assess the manner in which neural systems are intrinsically connected and how they work together to achieve specific functions.
Over the past few decades, numerous studies have used rsfMRI to explore the functional architecture of the brain, but only a handful of studies have translated such techniques to the spinal cord, despite its importance serving as a conduit for motor outputs from the brain, peripheral inputs to the brain, and as a center for coordinating certain reflexes. This relatively low number of spinal cord fMRI published studies may be attributed to difficulties in obtaining reliable data from the cord, because of its small cross sectional area, the augmented influence of physiological noise, and magnetic susceptibility issues that arise from surrounding vertebrae and tissues (8) . A recent review by Eippert et al. provides an overview of data acquisition and processing denoising approaches that have proven useful for spinal cord fMRI (8) . Nonetheless, several groups have overcome the challenges of spinal fMRI and have reported task-induced activations in gray matter of the human spinal cord (9) (10) (11) . Spinal cord injuries in humans have also been demonstrated to exhibit changes in activation detectable with fMRI (12) .
Although task-induced activation and injured patient studies convey valuable information, rsfMRI of the spinal cord could potentially provide a biomarker of the functional integrity of the spine that could be used for clinical diagnosis and prognosis, and the evaluation of therapies, without specific tasks or stimuli, but rsfMRI has largely been unexplored. To our knowledge, reliable rsfMRI in human spinal cord has been demonstrated by only a few other groups to date. Wei et al. applied data-driven independent component analysis to describe rsfMRI in the human cervical spinal cord, although the dominant frequency of signal changes was reported to be near the frequency range of the respiratory cycle (13) . Two recent studies found distinct dorsal and ventral networks that mirrored spinal cord neuroanatomy, suggesting that such observations have a neuronal basis (14, 15) . We previously reported robust detection of rsfMRI connectivity in human subjects at ultrahigh field (7 T) using a hypothesis driven region-of-interest (ROI) analysis (16, 17) . Specifically, Barry et al. found consistent functional connectivity in bilateral motor and sensory networks, while a more recent paper from Eippert et al. confirmed these findings and provided further convincing evidence that spinal cord rsfMRI may be a robust technique for clinical applications (18) . Using a similar ROI-based approach, Liu et al reported that resting-state networks in the upper cervical spinal cord show strong connectivity, and compared rsfMRI signals across different vertebral levels (19) . Harita and Stroman more recently confirmed the presence of spinal cord resting-state BOLD variations and evaluated the contributions of motion and physiological noises to rsfMRI signals in both the brainstem and spinal cord (20) .
To interpret rsfMRI BOLD signal changes in humans, multimodal studies in animals may prove valuable, especially if the effects of controlled injuries or interventions can be related to behavior and underlying neural and cellular changes. Animals afford a range of experimental manipulations that are not possible in human subjects (21) . Moreover, preclinical imaging at even higher field strengths allows for greater BOLD sensitivity and submillimeter spatial resolution, whereas injury models allow us to reliably monitor and quantify longitudinal recovery processes in the spinal cord. Previously, we have shown how a nonhuman primate (NHP) can be used to follow injury-induced disruptions in functional connectivity within and across spinal segments (22) . Although NHPs provide a crucial linkage between human and animal data thanks to their high degree of similarity, their use is much more restrictive compared with rodents, due to limitations such as handling procedures, costs, and management. Moreover, rodents have less intersubject variability in the brain from an anatomical and functional perspective, because of the availability of inbred strains. Thus, we believe imaging of rodent models could provide a robust, cost-effective approach for studying functional organization of the spinal cord, and in turn allow a more diverse set of experimental interventions to be investigated.
Significant progress has previously been made toward developing functional imaging of the rat spinal cord, with a focus on detecting stimulus-evoked fMRI activation. With early studies indicating that nociceptive information are encoded in the dorsal horns through both temporal and spatial mechanisms (23), using quantitative 2-deoxyglucose mapping, Coghill et al. showed that heat stimulation evoked increased metabolic activity somatotopically within the dorsal horn laminal layers (24) . Functional MRI was subsequently introduced as a tool to evaluate spinal effects caused by noxious stimulation with the injection of formalin (25) , as well as electrical stimulation in both the cervical and lumbar spinal cord (26) (27) (28) (29) . Taking a step further, fMRI in spinal cord was used to detect early stages of diabetic neuropathy, where regions of the lumbar spinal cord presented weaker activation during noxious electrical stimulation when compared with control rats (30) . Moreover, Zhao et al. (31) found blood-volume-based fMRI in the rat spinal cord to be a robust biomarker of analgesia after the injection of lidocaine. To understand the underlying mechanism of these findings, Lawrence et al. investigated the correlation between neural activation assessed by fMRI and immunohistochemistry by c-fos labeling (32) . Overall, these earlier studies demonstrated the utility of fMRI for detecting regions of stimulus-evoked neuronal activity within the spinal cord gray matter.
To date, little is known about the extent to which the spinal cord is expected to demonstrate functional connectivity similar to the brain, nor whether resting-state signal variations correlate with other metrics of activity and connectivity, nor if they are detectable in rodents. Thus, this study reports the first evidence of resting-state networks in the rat spinal cord and verifies their detectability at high field. Methods to mitigate some of the challenges of rat spinal cord imaging have been evaluated at 9.4 T, which will inform future studies of the functional organization of the cord in different conditions.
METHODS

Animal Preparation
Five adult male Sprague-Dawley rats (291 6 76 g) were used in this study. Animals were initially anesthetized with 3% isoflurane and underwent endotracheal intubation followed by mechanical ventilation, delivering isoflurane in a 1:2 gas mixture of O 2 :N 2 O. During the scans, ventilation rate was set to 60 breaths/min. End-tidal CO 2 and respiration patterns were continuously monitored. Rectal temperature was also measured and maintained with a thermocouple heating unit at 37 C. Animals were securely placed in a customized bed in the supine position. Before fMRI acquisitions, at least an hour was allocated for physiological stabilization, during which shimming was performed and high-resolution anatomical images were acquired. Animals were maintained at a stable anesthesia level (0.9-1.1%) under neuromuscular blockade (vecuronium bromide, 1 mg/kg, i.p.) during functional imaging sessions.
In Vivo MRI
All MR images were acquired on a 9.4T Magnex magnet (Magnex Scientific, Oxford, United Kingdom) interfaced to a Varian/Agilent spectrometer (Agilent Technologies, Santa Clara, CA). A 2-cm-diameter transmit-receive radiofrequency coil was centered at the C4-C7 region of the rat spinal cord in the isocenter of the magnet. Magnetic field homogeneity was optimized by automatic global shimming and manual fine shimming, followed by local shimming over the spinal cord. To locate regions for fMRI data acquisitions, magnetization transfer contrast (MTC) weighted anatomical images were acquired in axial, coronal, and sagittal views ( Fig. 1) (31) , a relatively short echo time was selected to reduce distortions and signal losses caused by field inhomogeneities, while the flip angle was adjusted to be approximately equal to the Ernst angle as a result of the short repetition time relative to T 1 of the spinal cord. Multiple functional runs were obtained for each rat; runs and volumes with excessive motions ( > 1.7 mm) and distortions were excluded for subsequent analyses. A total of 21 separate runs from five rats were analyzed for this study.
Data and Statistical Analyses
Resting-state fMRI data were first preprocessed using the steps described in the Supporting Information. This protocol is a modification of the set of preprocessing steps that our group developed previously for humans and NHPs (17, 22) . Temporal signal-to-noise (tSNR) maps were constructed by computing the mean of each time series divided by its standard deviation. The tSNR was computed as a quality assessment of BOLD images. Averaged time series of the dorsal-and ventral-horn voxels from one slice were displayed and computed after converting raw signal amplitudes to percentage signal BOLD.
Voxel-based correlation maps were calculated using the Pearson's linear correlation coefficient (r) between a seed voxel and all other voxels in the spinal cord. Spinal cord masks that exclude voxels of the cerebrospinal fluid were applied. A statistical threshold of r > 0.4, P < 2 Â 10 À5 was used to depict voxels showing strong correlations within the gray matter horns and white matter. A minimum cluster threshold of two voxels was also applied to reduce spurious correlations. This number was determined based on the size of the horns and the actual voxel size, to minimize partial volume effects potentially introduced by the linear interpolation from the functional to anatomical data (step 2).
An ROI-based correlation analysis was performed using a customized toolbox in spm12 to summarize functional connectivity between horns of the spinal cord in three slices that correspond to C4/C5, C5/C6, and C6/C7. Our quantitative horn-horn connectivity metrics are similar to those described in two previous papers (17, 22) . Briefly, m individual voxel time series of a horn were correlated with n time series of another horn. Subsequently, the maximum of this correlation vector was selected as the metric of functional connectivity between the pair of horns. This was performed for all pairs of ROIs, which include the four horns of the spinal cord and two adjacent white matter regions within each slice. Ipsilateral dorsal-ventral correlation values from left and right hemicords were concatenated for group analysis. Similarly for contralateral dorsal-ventral connectivity, the left dorsal-right ventral and right dorsal-left ventral measurements were combined. Functional connectivity patterns of interslice ROIs were also evaluated using methods described in our previous publication in NHPs (22) . Kong et al. demonstrated the use of data-driven methods to separate the spinal cord into different resting-state networks (14) . Complementary to such an approach, our method allows us to select regions of the spinal cord based on hypotheses derived from stimulus-driven studies in rats (26, 29) and NHPs (22, 33) . A nonparametric Mann-Whitney-Wilcoxon test was then used to evaluate the differences between different combinations of correlation coefficient pairs. It is also important to note that the Bonferroni correction was applied after selecting the voxel that demonstrates the highest correlation; the correction was made to the number of ROI comparisons in group analysis and not voxel-wise at the point of determining the most significant voxel. Finally, white matter signal was also included as a nuisance signal, with separate results presented in Supporting Figure S1 .
Finally, reproducibility and agreement of the connectivity measures were computed within each animal and within each slice. Specifically, the fMRI data within each animal were split into two subsets: even and odd runs. Functional connectivity measures from each subset from the same animal were subsequently paired. This was done within each slice for the three slices in the spinal cord. To quantify the degree of reproducibility of spinal cord functional connectivity, Pearson's linear correlation coefficient was computed between the paired runs from the two subsets. Bias and agreement between the two subsets of measures were further evaluated with Bland-Altman plots. These analyses were then repeated with a wider frequency band (0.01-0.16 Hz), to 
RESULTS
Quality of BOLD Images at the Cervical Spinal Cord
The fMRI images were preprocessed to minimize motion and physiological noise, and to tease out BOLD signal fluctuations in the spinal cord. (16) . Functional images are of sufficiently high quality to provide adequate contrast between gray and white matter. In Figure 2 , good alignment between anatomical and functional images is also demonstrated with the red and green crosshair pointing to the same left-ventral and right-dorsal horn, respectively. Signal changes to electrical forepaw stimulus have previously been located between C4-C7 segments on ipsilateral dorsal regions. Building on this finding, we examined ROI-based pair-wise correlation maps of rsfMRI signals in all four spinal horns and white matter regions within these segments of the spinal cord. For example, a seed voxel placed in the dorsal horn results in strong correlation to the corresponding contralateral dorsal horn, and similarly for the ventral horns. The presence of functional connectivity between ipsilateral dorsal-ventral horns is also observed, although not consistently across all runs and animals. The number of voxels tested in the spinal cord that exclude voxels of the cerebrospinal fluid was on average 132.6 voxels across the middle three slices. Functional connectivity patterns between dorsal-dorsal and ventralventral horns were reproducible across animals in this study, as shown in Figure 4 .
Differential Functional Connectivity Among Intraslice ROIs and Reproducibility
The strengths of resting-state correlations between different pairs of seeds in the horns within each slice were quantified at the group level. Whisker box plots of the group mean values and variations of correlation values are presented in Figure 5 . Robust correlations are observed between left and right dorsal horns as well as between left and right ventral horns across all four spinal cord segments. For example, mean correlation values of 0.53 and 0.47 were computed for dorsal-dorsal and ventral-ventral connections, respectively (P < 0.005 when compared with white matter controls, Bonferroni corrected) for the C5/C6 segment, although no statistical difference was observed between them. Weaker ipsilateral dorsal and ventral horn connectivity measurements were also observed.
Reproducibility of spinal cord connectivity was quantified with correspondences between odd and even runs from each animal, as shown in Figure 6 . Qualitatively, data points in correlation plots for dorsal-dorsal (Fig. 6a ) and ventral-ventral (Fig. 6Bb) connectivity lie predominantly on the diagonal line (slope ¼ 1) with correlation values of 0.61 (P ¼ 4.59 Â 10 À4 ) and 0.67 (P ¼ 6.7 Â 10 À5 ), respectively. In contrast, dorsal-ventral connectivity presents significantly lower correspondence between odd and even runs. Furthermore, visual inspections of the Bland-Altman plots reveal that dorsal-dorsal and ventral-ventral connectivity measurements present smaller ranges of limits, signifying better agreement between measurements, than those of dorsal-ventral connections. Overall, we found that correlation between spinal cord gray matter horns are strongly connected to each other but with varying strengths; in particular, dorsal-dorsal and ventral-ventral connections are most reproducible in terms of strength and spatial distribution along the cord.
Functional Connectivity Between Interslice Horns
To quantify how far along the spinal cord the functional connectivity extends, we measured correlation coefficients between ROIs in corresponding horns (e.g., left ventral to ventral or left dorsal to dorsal) in three slices that spanned C4-C7 (Fig. 7) . For both ventral-ventral and dorsal-dorsal connections, we observed that voxels within the seed ROI on the same slice were highly correlated (r $ 0.9), as expected. As the distance between ROIs was increased to one or two slices away, the correlation values dropped significantly (r $ 0.2 and r $ 0.1) between both dorsal and ventral horns. It is also important to note that we have only examined connections between dorsal-dorsal and ventralventral horns (connectivity between horns of the right hemicord is presented in Supporting Fig. S4 ). Incorporating all possible combinations across segments would not only have made the analysis significantly more complex by vastly increasing the number of comparisons, but also the connectivity between dorsal and ventral horns remains speculative even within the same segment. Overall, our observations indicate that functional connectivity in the rodent spinal cords is spatially constrained across one to two cervical segments.
DISCUSSION AND CONCLUSIONS
Challenges in Functional Imaging of the Rat Cervical Spinal Cord
Imaging the rat cervical spinal cord poses multiple challenges. The small cross-sectional area demands high spatial resolution, while the presence of a relatively thick layer of tissue on the animal's back affects sensitivity. With a 2-cm surface coil at ultrahigh field of 9.4 T, functional imaging at 0.33 Â 0.33 mm 2 in-plane resolution provided adequate resolution with reasonable sensitivity. High contrast-to-noise ratio anatomical MTC-weighted images allowed us to make precise image alignments and reproduce results within each animal.
The selection of MRI sequence and BOLD image processing steps were key to providing a sensitive protocol for the detection of resting-state networks in the cervical spinal cord. Zhao et al. previously demonstrated the highest sensitivity of fMRI signals to pain stimulus was achieved using gradient-echo blood volume-weighted images, followed by gradient-echo BOLD and spin-echo BOLD in the cervical rat spinal cord (29) . Here, a gradient-echo BOLD sequence was selected, which avoids the use of a contrast agent. A set of refined image analysis steps was used that was built on what had been successful in our previous human and NHP studies (17, 22 ). An independent study evaluated similar key (22) that illustrates pair-wise correlation analyses with respect to seed ROI in left ventral horn (red lines) and left dorsal horn (green lines). b: Group box plots of correlation strengths between ROI in slice 2 and those in slices 3 and 4 for both left ventral horn (red-shaded box plots) and left dorsal horn (green-shaded box plots). Similarly, correlation strengths were computed and displayed as group whisker box plots with respect to seeds in slices 3 (c) and 4 (d). Solid and dashed horizontal lines inside each box plot indicate the median and mean, respectively. Shaded box plots were generated using gramm (48) .
preprocessing steps and was successful at reproducing our previous data, which led to that study's conclusion that spinal cord resting-state connectivity is reliably measurable (18) . Our findings support these previous studies, as reflected in the robust detection of resting-state functional connectivity in rodents.
A potential major challenge to imaging the cervical spinal cord compared with the brain is the presence of more pronounced physiological noise caused by respiration and cardiac pulsations. The spinal cord is close to large organs such as the lungs, which may cause motion, and may result in shifts in the echo-planar images in the phaseencoding direction and changes in B 0 that can significantly degrade the quality of functional images (34) . In addition, artifacts caused by systematic signal changes through inflow effects may also be induced. To minimize such effects, previous studies have used model-based as well as data-driven approaches for physiological corrections (8). Harita and Stroman recently reported that 14% and 2.6% of signal variances in rsfMRI of the human spinal cord can be attributed to cardiac and respiratory sources, respectively (20) . Although model-based methods such as RETROICOR have been shown to improve the specificity of detection in humans (35) , our experiences in imaging the spinal cord in well-restrained and mechanically ventilated animals under anesthesia at 9.4 T have shown such corrections have minimal effects when included in the preprocessing steps (Supporting Fig. S5 and Supporting Table S1 ). The non-instantaneous slice acquisition of BOLD fMRI data across multiple shots may also render the unsuitability of applying RETROICOR. Specifically, the necessary cardiac and respiratory phases for RETROICOR's Fourier modeling cannot be generated uniquely. Thus, the animals' physiological traces were not recorded in this study to allow such corrections; instead, we (i) synchronized the ventilation rate to the acquisition interval, (ii) used a data-driven approach for physiological noise correction (CompCor method (36)), which derives noise regressors from regions that are unlikely to contain neural signals, and (iii) securely positioned the animals in a supine position on a customized holder and bed, along with administration of paralytic agent. In Figure 4 , we see most of the connectivity patterns are focally concentrated in the gray matter horns and not in adjacent white matter. We also included muscle signals as control regions and regressed them out of the time series of gray matter horns. We therefore conclude that gray matter correlations are unlikely to be driven by spatially correlated physiological noise. Conclusions drawn on the relative importance of physiological correction techniques in fMRI studies should also take into account the suitability of the applied methods. Further discussion on the effects of physiological noise is included in the Supporting Information.
Functional Relevance of Resting-State Connectivity in the Spinal Cord
It has been widely shown that different brain regions engaged in processing specific external stimuli exhibit strong resting-state functional connectivity (2, 22, (37) (38) (39) . For example, our previous study of the somatosensory cortex shows regions that represent different distal finger pads are highly correlated in a resting state in both time and space with underlying synchronized electrophysiological activity and anatomical connections between them (40). This observation was further extended to the spinal cord in NHPs, in which correlation between stimulusdriven activation patterns and resting-state functional connectivity was observed (22, 41) . Similarly in rats, forepaw pain stimuli have been shown in previous publications to be reliably located in the dorsal horns (26, 29) . Our finding that dorsal horns of the spinal cord are highly correlated supports these findings, and further indicates that baseline functional connectivity between gray matter horns of the spinal cord may be an organizational feature of the central nervous system.
Reliability and Reproducibility
Our current analysis suggests a moderate reproducibility of bilateral sensory and motor networks in the spinal cord, whereas dorsal-ventral functional connections appear to be less robust. Similarly in humans, Barry ) (29) . Despite a greater mean correlation strength in the dorsal-dorsal connection, we observed a higher reproducibility in the ventral-ventral network. This observation is consistent with a recent investigation that explored the robustness of spinal cord rsfMRI signals against variations in the analysis pipeline: The study reported excellent robustness in ventral horn connectivity, whereas dorsal horn connectivity was less robust (18) . Although ventral-ventral connectivity presented high reproducibility in our study, which may be attributed to the reduced intersubject variability of rats and imaging at a high field, care must still be taken to interpret these findings. As Barry et al. pointed out, these measurements of reliability are dependent on specific experimental details such as imaging protocols and preprocessing pipelines (16) . Although a direct comparison of these reproducibility measures across different studies cannot be accurately made, our study found a moderate level of reproducibility in bilateral sensory and motor networks.
Interspecies Differences
Spinal cord gray matter horns in rats were observed to be highly correlated in this current study, especially between dorsal-dorsal and ventral-ventral horns. These strongly correlated bilateral motor and sensory networks are consistent with what were observed in recent studies of NHPs and awake humans (17, 22) . Specifically, we observed the correlation between dorsal horns to be stronger than between ventral horns, although no statistical differences were found between them. This finding is consistent with healthy NHP controls, whereas human studies have reported mixed results. Barry et al. found a greater ventral-ventral connectivity and attributed this to the narrower structure of the dorsal horns (thus, more susceptible to partial volume effects and registration inaccuracies) as well as the presence of larger signal dropout in a few slices. The automated isolation of different laminae within dorsal horns was another possibility (16) . A more recent human study of the spinal cord, however, did not observe significant differences between the two pairs (18) , similar to what we found here. As shown in the functional images and tSNR maps (Fig. 2 and Supporting Table S2 ), dorsal horns in rats are relatively wide, and signal dropout is minimal. Our manual selection of the dorsal horns also allows for consistent sampling in the laminae regions of the dorsal horns, and therefore the presence of such bias is mitigated. From group analysis box plots of different studies, specific horn-horn functional connectivity patterns within segments appears to vary across different species. For example, the functional connectivity between ventral and dorsal horns has been observed in squirrel monkeys, whereas such connections are still speculative in humans (17, 18) . Similarly, in rats, ipsilateral dorsal-ventral connectivity was observed to have a weaker correlation strength, but remains statistically significant when compared with control regions. This within-hemicord connectivity may be associated with sensorimotor functions such as reflexes, which may be more pronounced in rodents than in humans. As Chen et al. pointed out, these differences can be associated with the functional organizations of different species (22) . The use of more coordinated bilateral behaviors in rats and NHPs may account for the differences in functional connectivity with humans. The use of anesthesia could also affect the differences with awake human studies. Rodent studies have demonstrated a loss of specificity in cortical regions with elevated anesthesia levels (42, 43) . However, this appears unlikely at the anesthesia level used in our current study (0.9-1.1%), and reports have shown early cortical regions are less affected by anesthesia. Thus, this effect would most likely be reduced in the downstream spinal cord.
Functional Connectivity Along the Cervical Spinal Cord
The segmental organization of the spinal cord allows for spatial somatotopic encoding of peripheral information. Our previous study found a bell-shaped spatial correlation profile across five slices that spanned from C4-C7 in ventral horns of NHPs: Correlation values dropped from r $ 0.85 to r $ 0.4 and r $ 0.3 as we moved one and two slices away from the ROI seed slice, respectively. Overall, functional connectivity across segments was constrained spatially within two spinal segments in NHPs (22) . Our findings in rodents here indicate a similar trend between ventral-ventral or dorsal-dorsal horns, although larger decreases in correlation values were observed across slices in rodents. A possible explanation is that segments of the rodent spinal cord are thinner than those in NHPs, so that a slice thickness of 3 mm may span one to two segments in rodents (29) , but only one segment in NHPs (22, 44, 45) . In humans, Kong et al. also looked into correlations between segmental levels using an independent component analysis approach, although no correlations between resting-state networks were reported between slices (14). More recently, Liu et al. also reported the presence of significant functional connectivity between vertebral levels and slices in the cervical spinal cord, although most of them were still located within vertebral levels as well as within slices. Moreover, among the ROI pairs that displayed significant correlations across spinal segments, most of them were also located within one segment of the ROI, similar to what we have found in animal studies (19) .
Improvements and Future Implications
Although we have found robust connectivity between horns of the spinal cord, we can identify several limitations of this study and improvements that could be made. First, our current study focuses primarily on within-slice resting-state correlations. Although Chen et al. showed the existence of such correlations in monkeys and how they change before and after injuries, correlation strengths across slices appear to be weaker, which is consistent with what we found here in rodents (Fig. 7) . Similarly, Kong et al. investigated the correlation between segmental levels using an independent component analysis approach, although no positive nor weak negative correlations were reported between resting-state networks at different spinal cord levels (14) . This may be partly the result of the specific preprocessing protocol that was applied on a slice-by-slice basis (i.e., motion correction and regressions), which could reduce correlations between slices, but also because correlations fall off between segments. Second, the smoothing with linear interpolation used in this study may have affected these correlations. However, the likely significance of this appears to be low, as the amount of smoothing introduced was less than a voxel. Care was also taken when selecting ROIs of the horns of the spinal cord (Supporting Fig. S6 ), and correlation maps in Figure 4 present strong correlations between distant voxels. Third, it is important to acknowledge that despite using a refined protocol for imaging the spinal cord, signal drop and distortions in BOLD images are still present, especially on slices toward the edge (Fig. 2) when compared with anatomical images. Fourth, the use of a 2-cm surface coil limits our field of view of the spinal cord. Ideally, measuring how resting-state functional connectivity varies along the entire length of the spinal cord could paint a more complete picture of ascending and descending features with rsfMRI. The use of a coil with greater coverage could be informative, but might also introduce increased noise as well as motion artifacts related to respiratory movements. Thus, future developments of imaging techniques would provide us with greater insights into the spinal functional architecture.
Rodents remain to be well-suited for preliminary spinal cord injury studies (46) , so the use of rsfMRI may be valuable for monitoring their longitudinal recoveries from different manipulations. For example, cervical contusion models in rats have been studied, and trends of how they recover behaviorally are well-documented (47) . Furthermore, current and investigational drugs as well as regenerative therapy (stem cells) can be introduced to test their effects on the central nervous system and recovery from injury. Another future study will be to extend these techniques to the lumbar spinal cord. Overall, the establishment of rsfMRI in spinal cord in rats may provide us with a robust and cost-effective model to evaluate and develop an effective biomarker for clinical diagnosis, drug development, and quantitative monitoring of injuries.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article. Fig. S1 . Group analysis of functional connectivity between spinal cord gray matter horns and "control" white matter regions with white matter signal regression. Fig. S2 . The same analyses performed in Figure 6 were repeated without the use of bandpass filtering (0.01-0.16 Hz). Fig. S3 . Power spectra and time series for ventral and dorsal gray matter regions in Figure 3 before and after band-pass filtering. Fig. S4 . The same analyses performed in Figure 7 were repeated with respect to seed ROIs in right ventral horn and right dorsal horn. Fig. S5 . Effects of RETROICOR on rsfMRI in the cervical spinal cord of anesthetized and mechanically ventilated NHPs. Fig. S6 . Manual ROI selections (red) of the gray matter spinal cord horns across all five rats. 
